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Abstract. For the first time, average angular momenta of the ternary fission fragments 091927 106\ o,

144,146 3,

and 138140:142X 6 from the a-accompanied fission of 2*2Cf were obtained from relative intensities

of prompt «-ray transitions with the use of the statistical model calculation. Average values of the angular
momenta were compared with the corresponding values for the same fission fragments from the binary
fission of ?*2Cf. Results indicate the presence of a decreasing trend in the average values of angular momenta
induced in ternary fission fragments compared to the same binary fission fragments. On the average, the
total angular momentum extracted for ternary fission fragments is ~1.4 i lower than in binary fission.
Consequently, results indicate that the mechanism of the ternary a-particles emission may directly effect
an induction of angular momenta of fission fragments, and possible scenarios of such mechanisms are
discussed. Further, the dependence of the angular momenta of °*Mo and '4°Xe on the number of emitted
neutrons from correlated pairs of primary fragments was obtained also showing a decreasing dependence of
average angular momenta with increasing number of emitted neutrons. Consequences are briefly discussed.

PACS. 25.85.Ca Spontaneous fission — 29.30.Kv X- and gamma-ray spectroscopy

1 Introduction

Angular-momentum distribution of fission fragments in
the spontaneous fission arises from the statistical popu-
lation of collective modes [1]. A ground-state population
of bending oscillations at the scission point inducing a fi-
nite distribution of the rotational angular momentum was
introduced in [2]. The close relation between the frag-
ment angular momentum and the dynamics of the fis-
sioning nucleus at its final stages is the reason of the
great interest in studies of the angular-momentum dis-
tribution of fission fragments in theory [3-5] and exper-
iment [6-11]. Common procedures for the determination
of the angular-momentum distribution in the nucleus are
based on the statistical model analysis which was devel-
oped in [12] to explain isomeric yield ratios in neutron

# e-mail: jandel@comp.tamu.edu

capture and charged-particle-induced reactions. Similarly,
it can be applied to the fission process assuming a defined
initial distribution of angular momentum in the primary
fission fragment at the scission point. After the statistical
decay of primary fission fragments through the emission
of prompt ~-rays and neutrons, the de-excitation in the
well-known rotational bands occurs via the 7-ray emis-
sion to the ground state of secondary fission fragments.
The last stage of the de-excitation is thoroughly mapped
by fission fragment spectroscopy experiments and the en-
ergy levels with assigned spin are widely tabulated [13].
From the relative intensities of the known transitions with
assigned spin, one may deduce primary fragments’ angu-
lar momenta. Angular momenta of individual fission frag-
ments from the spontaneous fission of 2°2Cf were obtained
using relative intensities of the prompt 7-ray transitions
for the first time in [7]. The same approach was used in [8]
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in order to extract the dependence of average angular mo-
menta on the number of emitted neutrons from the corre-
lated pairs. A similar analysis is done in this work, where,
for the first time, the angular momenta of fragments from
the a-accompanied ternary fission of 252Cf are extracted.

2 Experiment and data analysis

The details of experiment in which prompt y-rays from fis-
sion fragments of 292Cf were measured in coincidence with
ternary particles are given in [14] and will be only briefly
discussed here. The intensity of the 22Cf source was 3 x
10* spontaneous fission events per second. An active layer
with a diameter of 3 mm was deposited on a 1.5 ym Ti foil
and covered from both sides with gold foils in order to stop
the fission fragments and minimize the Doppler broad-
ening in prompt y-ray spectra. Light charged particles
(LCP) were detected by eight AE-E silicon telescopes.
They provided full absorption of LCP particles and unique
identification of a, Be and C particles. Telescopes provided
the trigger signal for Gammasphere measuring prompt -
rays from fission fragments. During the three-week-long
experiment 5.9 x 10° of a-ternary fission events were col-
lected and corresponding ~13.5 x 10% prompt ~y-rays were
measured in coincidence with a-ternary particles. The sta-
tistical model analysis [7,12] was used for the determina-
tion of the fragments’ average angular momenta. The anal-
ysis consisted in four steps: i) determination of relative
intensities of y-ray transitions in the ground-state band
from measured prompt 7-ray spectra, ii) determination
of the contribution of primary fragments to the yield of
given secondary fragments iii) calculation of the statistical
decay through ~-ray and neutron emission from primary
fragments with a given initial angular momentum, iv) ob-
taining the dependence of ratios of transition intensities
in the ground-state band, i.e. I(6T — 41)/I(4T — 27),
I(8" — 6%)/I(4T — 2T) etc., on the primary angular-
momentum distribution from the statistical analysis. Only
even-mass fragments were involved in the analysis and
only E2 quadrupole transitions in the ground-state band
were analyzed with the assumption that the ground-state
band is directly fed after the statistical emission. The val-
ues of initial angular momenta of fission fragments were
then deduced by comparing the calculated values of tran-
sition yield ratios from step iv) with the experimental ra-
tios from step i). Consecutive steps of the extraction of
average angular momenta released in the ternary fission
process are described in more detail in the following text.

The identification of fission fragments was performed
using fission fragment spectroscopy methods [8,15,16]. By
gating in the - coincidence matrix on lowest-lying tran-
sitions 2* — 07 in the ground-state band of an even-mass
fission fragment, the peaks of higher transitions in the ro-
tational E2 band appear in the gated ~-ray spectra. In
fig. 1, a coincidence spectrum obtained by gating on the
2+ — 07 transition in 1°°Zr with an energy of 212 keV is
shown for illustration. In the same manner, the ~-ray tran-
sitions in sister fragments from correlated pairs can also
be identified with a unique determination of the number of
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Fig. 1. Coincidence v-ray spectrum obtained by gating on

the 27 — 0% transition in '°°Zr with an energy of 212 keV.

emitted neutrons. In case of an individual fragments anal-
ysis, the lowest transition appears to be 47 — 2%, and
the ratios of transition intensities were determined rela-
tive to this transition. The ratios were obtained for eight
ternary fission fragments: 1001027y 144,146, 1060\ o and
138,140,142% o They are shown in table 1. The inaccuracy of
the obtained values of transition intensities ratios is up to
5% but not higher. It should be mentioned that the back-
ground in prompt ~-ray spectra was efficiently eliminated.
The background subtraction was performed already in the
~-v matrix of coincidences using a two-dimensional sub-
traction based on the algorithm presented in [17]. This is
the correct way to deal with the background elimination
rather than using one-dimensional methods of background
subtraction from spectra obtained from the matrix of -y
coincidences by gating. The main reason for this is that
the background under the peak of interest may have dif-
ferent amplitudes in both directions of the matrix of -
v coincidences. The fitting of peaks of interest was done
by procedures requiring that the full width of peaks at
half-maximum is equal to that obtained from the calibra-
tion of Gammasphere.

The matrix of «-v coincidences provided the informa-
tion on yields of correlated secondary fragment pairs, i.e.,
the pairs of fragments as they appear after the emission
of prompt neutrons and -rays. In order to determine the
contribution of primary fragments to the yield of given
secondary fragments, mass and excitation energy distribu-
tion of primary fragments was extracted from experimen-
tal yields of correlated ternary fission fragment pairs by
the unfolding procedure. The method was reported by the
present authors elsewhere [18] and is briefly summarized
in the appendix. The procedure was based on the fit of
secondary fragments yields obtained from experiment and
by calculation [8]. The primary fragments’ mass distribu-
tion was obtained for two a-ternary charge splits Zr-a-Ba
and Mo-a-Xe with mean primary masses 102.7/145.3 and
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Table 1. Intensities of higher transitions Iss and I10s relative to the Il4o transition. ls2, Isa and I1ps represent intensities of
the 47 — 2% 67 — 4% and 10" — 8" transitions, respectively, and (n) is the mean number of emitted neutrons.

Ratio 10()Zr 102Zr IOGMO 144]3a 146]3a 138Xe 140Xe 142Xe

Tsa/Ia2 0.47 0.46 0.48 0.69 0.45 0.51 0.57 0.56

Is6 /a2 0.19 0.26 0.09 0.30 0.27 0.26 0.29 0.30

Tios /142 0.11 0.12

(n) 1.43 1.01 1.58 1.03 0.56 2.49 1.63 1.28

Table 2. The contribution of primary fragments to the yield of a given secondary fragment. n corresponds to the number of
emitted neutrons from primary fragments. In the first row, analyzed secondary fragments are shown.

n 10()Zr 102Zr 144Ba 146Ba 106MO 138Xe 140Xe 142Xe
0 0.32 0.35 0.06 0.14 0.68 0.00 0.03 0.06
1 0.20 0.30 0.48 0.70 0.19 0.26 0.54 0.66
2 0.21 0.35 0.36 0.16 0.04 0.34 0.30 0.23
3 0.27 0.02 0.10 0.03 0.03 0.06
4 0.09 0.36 0.10

Table 3. Average angular momenta for ternary fission fragments (J)¢ (this work) and binary fission fragments (J)ps in 2°Cf

(s.£) [7].
Light fragments Heavy Fragments
1007, 10277, 1069 [ laapg, 16, 138y 140y, a2y,
()¢t 4.3(3) 4.5(3) 4.15(25) 6.3(3) 4.6(3) 5.3(3) 5.6(3) 5.3(3)
()bt 5.0 5.35 4.63 5.87 4.72 5.46 8.35

106.3/141.7, respectively. Here we only present the results
of the unfolding procedure concerning relative contribu-
tions of individual primary fragments to the yield of a
given secondary fragment. They are summarized in ta-
ble 2.
The form of the initial angular-momentum distribution
of primary fission fragments is given by [7]
P(J) o (2] + 1)~ /U+1D/B* (1)
where P(J) is the probability distribution for each value
J of angular momentum and B is the angular-momentum
parameter approximately equal to the r.m.s. value of
(J 4+ 0.5). The average angular momentum (J) is then
defined by

> P(Ji)Ji

- Y P 2

The process of de-excitation of the fission fragments
was simulated using a code PACE2 [19] which follows
the correct procedure for angular coupling at each stage
of de-excitation in the framework of Hauser-Feshbach
formalism. The calculation was performed for the values
of the angular-momentum parameter B varied in the
interval 1.5-10 A to obtain a continuous dependence
of transition intensity ratios. The nuclear levels of the
ground-state band was introduced in the statistical calcu-
lation and a direct feeding to the ground-state band after
the emission of prompt neutrons and statistical ~-rays
was assumed. Several primary fragments contribute to the
final transition intensity ratios in the ground-state band

_pYT

() (2)

1
5"

of the individual secondary fragment. The calculation was
performed with all primary fragments that contribute to
the yield of the analyzed secondary fragment. Excitation
energies of primary fragments were calculated from the
excitation energy distribution obtained by the unfolding
procedure, as a mean weighted value of the excitation
energy in the interval where n neutrons are emitted from
the primary fragment. The average angular momenta for
given secondary fragments were determined by taking
the weighted average of the contributions from individual
primary fragments (table 2). We used the approximation
that each primary fragment would feed the ground-state
band of the analyzed secondary fragment equally. To
analyze the unequal feeding, the complete transition
intensities in all secondary fragments would be needed.
However, it is a good approximation when average
angular momenta of the primary fragments are deduced.

3 Results and discussion

Average values of the angular momentum (J)s are given
in table 3, together with the values of the average angu-
lar momenta (J)ps for the same secondary fragments from
the binary fission [7]. A systematic decrease in the average
angular momenta (J)¢ is observed in the results from the
ternary fission compared to the (J)p¢ of the fragments in
the binary process. The analyzed fragments were divided
into the groups of light and heavy fragments in order to
estimate the observed decrease from the point of view of
the fission process. As is shown in table 3, the value (J)¢
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of light fragments is lower by 0.7(3) & on average compared
to the same light-fragment group from binary fission. The
heavier fragments from ternary fission release also less an-
gular momentum on the average by 0.7(3) i. However,
we see a large distribution of A = (J)ps — (J)4¢ for the
group of heavy fragments with a large standard deviation
of 1.2 h. This does not allow us to make a definite state-
ment that also the heavy-fragments angular momenta are
affected by the emission of a ternary particle. However,
we will further use for the discussion the average value of
0.7(3) h also for the heavy fragments. Then, a total dif-
ference in the average evaporated angular momentum in
binary and ternary process is ~ 1.4 A.

There are several possible scenarios for an effect of the
decrease of (J). If one assumes the simple quantal model
of initial spin distribution at scission [3] provided that the
neck snaps suddenly (in case of ternary fission we would
assume sudden double-neck rupture), the width of the an-
gular wave pocket of a fragment will be roughly the angle
subtended by the neck before rupture. The r.m.s. aver-
age spin at scission would be then reciprocal of the width
of the angular wave pocket. The thicker is the neck be-
fore rupture, the less angular momentum will be induced
on average. In ternary fission one may assume that be-
fore the neck’s double snapping takes place, there is a
light charged particle situated in between fragments. If
an a-particle is involved, the neck before rupture may be
assumed to have a radius around 1.6 fm, which is on aver-
age thicker than in binary fission with the corresponding
fission fragments, therefore the initial angular momentum
will be less in ternary fission than it is in binary.

Another scenario may stem from the following. The
angular momentum of fission fragments is induced by
collective oscillations at the scission point and a non-
negligible contribution to the induced angular momentum
is Coulomb excitation [2,3]. Due to the emission of a LCP
particle, the distance between centers of mass of both frag-
ments and also between the tips is larger than in binary
fission. One may assume that the Coulomb excitation that
enhances the angular momenta of fragments would not
be so strong in the ternary fission as it is in the binary
fission, because the strongest torque is acquired by frag-
ments at small tip distances. This would also result in
the decrease of the initial average angular momentum in-
duced on ternary fission fragments. Obviously, an effect of
the decrease of the average angular momenta may be the
combination of both the scenarios mentioned above.

Finally, we would like to make an important com-
ment based on the preliminary observation of energy lev-
els feeding in fragments from spontaneous fission of 2°2Cf.
The observed decrease in the average angular momenta of
ternary fission fragments in comparison with the ones from
binary fission is dependent on the statistical model anal-
ysis. However, one may directly observe a decreased feed-
ing of higher-spin states in the ground-state band for all
of the analyzed ternary fission fragments compared to the
same feedings from binary fission [20]. This indicates that
the primary average angular momentum of ternary fission
fragments should be lower. In this context, the revision of
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Table 4. Measured ratios of transition intensities and average
angular momenta of fission fragments '°*Mo and '*°Xe in the
correlated pairs. The transition intensities were analyzed in
the fragment given in the first column, using ~-ray spectra
obtained by gating in the matrix of -y coincidences on the
lowest ground-state-band transition in fragments shown in the
second column.

n Lz /I Isa/I20 (J)
0600 M0Xe 2 0.65 - 4.8(3)
0600 M9Xe 3 0.53 - 3.7(3)
106Mo  8Xe 4 0.49 - 3.5(3)
10Xe Mo 2 0.80 0.50 5.8(2)
140xe Mo 3 0.66 0.38 5.2(3)
140%e Mo 4 0.65 0.40 5.2(3)

the data on the angular momentum of binary fission frag-
ments would help in the further discussion concerning the
angular-momentum induction and the role of the ternary
particle in it. The full analysis of binary fission data to
extract the angular momenta is of great interest and will
be our aim in the near future, to have the possibility of
direct comparison between the ternary and binary fission
fragments angular momenta.

It was shown in [8] that one can extract the relative
ratios of transition intensities for fragments in correlated
pairs, so that the dependence of the mean angular mo-
menta of fission fragments on the number of emitted neu-
trons can be obtained. In this manner we obtained the ra-
tios of transition intensities in °°Mo relative to the 2+ —
0" transition from the spectra obtained by gating on the
transitions leading to the ground state of 138139,140Xe
(2-4 neutrons emitted). Similarly, this was achieved for
140Xe. when gating in the y-y matrix of coincidences on
lowest transitions leading to the ground state in '%*Mo,
105Mo and '%6Mo. In table 4 the obtained ratios of tran-
sition intensities relative to the lowest transition intensity
are given together with the number of emitted neutrons
for each correlated pair. The average angular momenta of
106\ [0 and '%°Xe are given in the last column of table 4.
The behavior of the mean angular momenta as a function
of number of emitted neutrons from the correlated pairs
of fission fragments (see fig. 2) is in close analogy to the
results from binary fission [8], where the mean angular mo-
mentum decreases with increasing number of evaporated
neutrons. The decrease of the angular momentum with in-
creasing number of neutrons is a direct consequence of the
fact that each neutron takes approximately 0.6 £ of angu-
lar momentum away from the fragment. Fission fragments
are in this case closer to their ground state or, in other
words, the entry line is closer to the yrast line [21]. This is
also in an agreement with the assumption of equilibrium
between collective degrees of freedom at scission [1,2,8].

It is obvious that to reveal all the physical content and
the details lying behind the induced angular momenta in
binary and ternary fission fragments, more experiments
have to be carried out and more fission fragments have
to be analyzed. In this context, a study of cold-fission
modes is of a great interest, because here we expect a
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Fig. 2. Mean angular momenta of a-accompanied fission frag-
ments (TF) '°Mo,'*°Xe and binary fission fragments (BF)
1047\[6,148 "By in correlated pairs as a function of the number
n of emitted neutrons. Mean angular momenta of binary fission
fragments are taken from [8].

maximum in the induced angular momentum on fission
fragment and comparison between BF and TF can bring
a clear picture as the neutron emission from the fragments
is absent. In such case, the feeding of ground-state-band
energy levels is direct and there is no need for statistical
calculation which smears results significantly. We believe
that the presented results will encourage the theoretical
work over the formation of the fragment spins and also
the dynamics of the fission process itself as the ternary
particle can be considered as a reminiscence of the neck
of the fissionning nucleus and, as shown in this work, its
effect on the induced angular momenta is not negligible.
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Appendix A.

The unfolding procedure was used for the extraction the
characteristics of primary fragments distribution similar
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to the one used in [8], where experimental information
on correlated secondary fragment yields in binary fission
was used for the determination of primary fragments’ mass
and excitation energy distribution. Yields of primary frag-
ments Y (Ar, Ag|Z1, Zg) can be connected to the yields
of secondary fragments by

yeale (AL Al |2, Zy) = Z Y (A, AulZy, Zy)
(AL,Am)

XIL XIH, (Al)

IL = fF (Ez, AL) P,L (Ez, AL) 5 (AL - AIL - TL) dE,
IH = fF (E}k{, AH) Pn (E}k—pAH) 1) (AH — A}I - n) d.E7
(A.2)

where F' (E*, A) is the excitation energy distribution of
each primary fission fragment, P, (E};, Amx) is the proba-
bility of evaporation of n neutrons from a primary frag-
ment (n = A— A’). Primary fragments characteristics are
obtained minimizing

2 1

X" T Neow—Npar
> YR (AL A ZL, 20 ) =Y (AL A | 20, Zu) 2
Uexp(A,LyAl[.IlzLyzH)

(A.3)

The following assumptions were made to reduce the
number of free parameter of the procedure. We assumed
that the excitation energy distribution as well as the pri-
mary fragment mass distribution are Gaussian. Mean ex-
citation energies of heavy and light fragments (£} ;) and

their variances 0’%, g obey the following conditions:

Qfiss = (TKE) + (E7) + (Eg), (A4)
OrKE = ‘7?5; + U%‘;Ia (A.5)
2 2
0% O
TRy e Tow - (A.6)
(E1)  (Ex)

Mean total kinetic energy (T'K'E) and its variance
0% were assumed to be fixed for a given charge split.
As a result of the minimization procedure, yields of corre-
lated primary fragment pairs Y (Ar, Ag|Zr, Zp) and the
excitation energy distributions F (Ez s Ar,m) of heavy
and light primary fragments were obtained. One is then
able to construct the mass distribution of primary frag-
ments and neutron multiplicity distributions for a given
charge split from these results.
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